The effect of quaternary addition of Nb being from 0 to 2 mol% on the phase constitution, phase transformation behavior and shape memory behavior of Au-50 mol%Ti-15 mol%Co (AuTiCo) alloys is studied. X-ray diffraction analysis shows that, with increasing Nb concentration, the primary phase appeared at room temperature changes from B19 orthorhombic martensite phase to B2 cubic parent phase, and that all the lattice parameters are not largely changed by Nb addition. The maximum transformation strain evaluated in 2 mol%Nb-added AuTiCo is 7.4%. Differential scanning calorimetry revealed that the reverse martensitic transformation finish temperature (A f ) decreases from 414 K in Nb-free AuTiCo to 303 K by 2 mol%Nb addition. The ratio of A f change by Nb addition is evaluated to be ¹55 K/mol%Nb, that is comparably larger than ¹31 K/mol%Nb in NiTi. These results indicate that Nb addition is effective to stabilize B2 parent phase. AuTiCo alloy containing less than 2 mol%Nb exhibits shape memory effect with 90% shape recovery ratio. Besides, AuTiCo containing 2 mol%Nb exhibits 2.8% superelastic shape recovery at room temperature as well as 7.4% maximum transformation strain. Therefore, Nb addition to AuTiCo is effective to decrease the martensitic transformation temperature and to improve superelasticity, although the transformation temperature hysteresis increases by Nb addition, similar to Nb-added NiTi.
Introduction
Among many shape memory alloys (SMAs), NiTi alloys have been widely used for biomedical applications such as guide wire and vascular stent owing to their superior superelasticity 1, 2) and good corrosion resistance. 3) However, there are several problems for the NiTi SMAs as biomedical materials: the hypersensitivity of Ni 4, 5) and poor visibility in X-ray radiography. 6, 7) Thus, our group has been developing AuTi-based biomedical SMAs which are composed of biocompatible elements Au and Ti. The high concentration of Au also brings high X-ray radiography. AuTi alloys exhibit the thermoelastic martensitic transformation from B2 (cubic) parent phase to B19 (orthorhombic) martensite phase.
811) The crystal structures of both B2 and B19 phases are shown in Fig. 1 . The martensitic transformation start temperature (M s ) of AuTi binary alloy is, however, too high for the biomedical applications, and M s should be close to or below the body temperature (310 K) for the purpose. In the literature, M s shows the highest value around 880 K at the stoichiometric composition of 50 mol%Au-50 mol%Ti 10) and becomes lower with deviation from the stoichiometry. The lowest M s reported is 563 K at 42.5 mol%Au-57.5 mol%Ti in the two phase region of AuTi+Ti 3 Au. 8) Therefore, in the Au-Ti binary system, it is impossible to obtain low M s being close to the body temperature.
Then, in order to decrease M s furthermore, additions of ternary elements are hopeful. Kawamura and co-authors have systematically studied the M s change by the addition of a few percent of ternary alloying elements which substitute for the Au sites of AuTi, and found that the additions of Ru, Fe and Co are effective to decrease M s . 12) An attractive candidate of the ternary element is Co, since the M s change by Co is ¹28 K/mol%Co and Co-Cr alloy such as Vitallium is commonly used in biomedical applications. If M s is linearly decreased by Co addition, M s reaches to the body temperature by 20 mol%Co addition, approximately. Then, our group have systematically tested Au-Ti-Co alloys and suggested that AuTi and CoTi form a continuous solid solution of B2 (Au, Co)Ti at 1173 K in the pseudobinary system of AuTiCoTi, and that room temperature superelasticity appears at Au-50 mol%Ti-18 mol%Co when aged at 573 K for 3.6 ks.
1316) It has been also found that the (Au,Co)Ti alloys become brittle with increasing Co content and the plastic fracture strain obtained is only 2% when the Co content exceeds 18 mol%.
Therefore, in order to reduce Co content for the ductility improvement and to achieve low M s for the acquirement of room temperature superelasticity simultaneously, a quaternary addition Nb to a AuCoTi alloy is focused in this study. A reason is that the Nb addition of NiTi alloys is effective to decrease the M s without degrading ductility. 1723) Besides, Nb addition to AuTi binary alloys decreases the M s at a rate of about ¹35 K/mol% in our experimental results. 24) Moreover, Nb is a biocompatible element used in several biomaterials such as Ti-6Al-7Nb and Ti-29Nb-13Ta-4.6Zr. 25) Based on the above backgrounds, the purpose of this study is to reveal the effect of Nb addition on the martensitic transformation behavior of Au-50 mol%Ti-15 mol%Co biomedical SMA. This alloy exhibits moderate cold workability (40% in reduction thickness), moderate tensile ductility (5% in fracture strain) as an intermetallic compound, and relatively low martensitic transformation temperatures around 400 K.
26)

Experimental Procedure
The basic alloy composition chosen is Au-50 mol%Ti-15 mol%Co (AuTiCo). The Nb additions selected are 0, 1.0, 1.5 and 2.0 mol%. Starting materials were high purity Ti (99.99%), Au (99.99%), Co (99.9%) and Nb (99.9%). Alloy ingots of 10 g each were fabricated by arc-melting method with a non-consumable W electrode in Ar-1 vol%H 2 atmosphere. Nominal compositions are employed as the alloy compositions, since the weight change during alloying was smaller than 0.1%. Hereafter, the alloys are termed by the Nb contents such as 0Nb for Nb-free AuTiCo and 1Nb for AuTiCo-1 mol%Nb. The ingots were hot-forged at 1423 K for 10.8 ks in vacuum and disk shape specimens were taken. Then, the specimens were cut by an electrodischarge machine, and they were solution-treated at 1173 K for 3.6 ks in Ar atmosphere followed by water quenching.
Phase constitution and lattice parameters were determined by ª-2ª X-ray diffraction measurements (XRD, Philips X'Pert-Pro Galaxy equipped with X'celerator) at room temperature (RT) in a range from 15°to 100°in 2ª with a step size of 0.0167°using CuK¡ radiation under the tube voltage of 45 kV and current of 40 mA. Si external standard was used for correction. Martensitic transformation temperatures, M s , M f , A s and A f , were measured by differential scanning calorimetry (DSC, Shimadzu DSC60) in a temperature range from with a heating/cooling rate of 10 K/min. M and A stand for martensite and austenite transformation temperatures, and subscripts s and f stand for start and finish of transformation, respectively. Bending tests were carried out at RT by using specimens with 0.2 mm thickness and a 10 mm mandrel where the maximum applied strain at surface was 1.51.6%. After unloading, shape recovery was measured by heating using a cigarette lighter. A cyclic loading-unloading tensile test with a strain increment of 1% was also carried out for 2Nb at RT using an Instron-type machine (Shimadzu Autograph AG-500N) with a strain rate of 8.3 © 10 ¹4 s ¹1 using a gauge size of 10 mm length, 2 mm width and 0.2 mm thickness. At the first cycles, the specimens were tensile-loaded to 1% strain and unloaded, and at the second cycle they were loaded to 2% strain (1% strain increment to the previous cycle) and unloaded. These cycles were repeated till fracture and superelastic behavior was evaluated. Figure 2 shows XRD profiles selected from 15°to 75°in 2ª obtained for 0Nb, 1Nb, 1.5Nb and 2Nb at RT. The XRD profile of 0Nb indicates that the apparent phase is single phase of B19 martensite. 1Nb shows that the primary phase is B19 and that some amount of B2 phase appears. The peak intensities from B2 phase become strong with increasing Nb content, and the primary phase becomes B2 in 2Nb with small amount of B19 martensite. Then, Nb addition stabilizes B2 phase, and these results suggest that the martensitic transformation temperature must be decreased by Nb addition. It should be noted that, one, very small, unknown peak existed at around 20°in 2ª in each profile, no clear peaks from a second phase other than B2 and B19 were seen. This indicates that all the alloys must be single phase of B2/B19. Then, the solid solubility of Nb in AuTiCo is judged to be larger than 2 mol%. It should be also noted that the background noise of XRD profiles seems to increase with increasing Nb content up to 1.5Nb, but that the noise becomes smaller in 2Nb. Although chemical etching is difficult due to gold based alloys, the microstructures were observed using in-situ optical microscopy equipped with a temperature control stage. Then, the grain size seemed to decrease slightly from 100 µm (0Nb) to 50 µm (2Nb), approximately, with increasing Nb content. And also, serious difference was not observed in surface relief formation caused by reverse and forward martensitic transformation. Therefore, the noise in XRD profiles is not thought to be due to the grain size, but due to the specimen surface roughness after the mechanical polishing. The hard parent phase and the soft martensite phases coexist in 1Nb and 1.5Nb of in comparison with 0Nb (martensite single phase) and 2Nb (almost parent phase).
Results and Discussion
Phase constitution and lattice parameters
The lattice parameters of B2 and B19 phases were determined using the XRD profiles, and plotted as a function of Nb content in Fig. 3 . The lattice parameters of B19 martensite and B2 parent phases in 1.5Nb were a B19 = 455 pm, b B19 = 293 pm, c B19 = 476 pm, and a B2 = 316 pm, and those in 2Nb were a B19 = 458 pm, b B19 = 291 pm, c B19 = 481 pm and a B2 = 317 pm, respectively. The rates of lattice parameter change by Nb addition were evaluated as follows: ¦a B19 = 0.01 pm/mol%Nb, ¦b B19 = ¹1.16 pm/mol%Nb, ¦c B19 = 1.16 pm/mol%Nb and ¦ aB2 = 0.08 pm/mol%Nb, respectively. Although all the lattice parameters were not seriously changed by Nb addition, the difference between ¦b B19 and ¦c B19 becomes slightly larger. Based on the lattice parameters, the maximum transformation strains estimated from B2 to B19 were 6.2% in 1.5Nb and 7.4% in 2Nb, since the difference between ¦b B19 and ¦c B19 increases. These values are comparable to 10.5% in NiTi. 27) Therefore, the maximum transformation strain in AuTiCo alloys containing Nb is slightly smaller than that in NiTi, but almost comparable between these two shape memory alloys with high Nb content. However, the volume change from B2 to B19 estimated using the lattice parameters is not so small: 1.1% in 1.5Nb and 2.9% in 2Nb. The volume change during martensitic transformation seems to increase with increasing Nb content. This suggests that, with increasing Nb content, the martensitic transformation may have a trend to shift from the thermoelastic type to non-thermoelastic type. Then, although Nb addition enhances the transformation strain, excess Nb may degrade shape memory properties of AuTiCo based alloys. The balance is important to develop Nb-added AuTiCo shape memory alloys. Figure 4 shows DSC curves obtained during heating and cooling for all the alloys. The martensitic transformation temperatures evaluated are also noted in the figure. It should be noted that clear exothermal heat was not recognized in 2Nb during cooling, therefore, M s and M f were not identified in this case. Probably the forward martensitic transformation was not completely finished in this temperature range. Figure 5 shows Nb concentration dependence of martensitic transformation temperatures. It is clear that all the transformation temperatures are lowered with increasing Nb content, and that is in good agreement with XRD results. For example, A f temperatures of 0Nb and 2Nb are 414 K and 303 K, respectively. The difference is 111 K by 2 mol%Nb addition. If a linear extrapolation is employed, the ratio in A f change by Nb is estimated to be ¹55 K/mol%Nb. Pio and coworkers have reported the M s change by Nb addition to NiTi, 20) and the decrease rate by Nb addition was estimated to be ¹31 K/mol%Nb for Ti 50¹x Ni 50 Nb x alloys. By comparing AuTiCo and NiTi, the decrease rate Nb is larger in AuTiCo than that in NiTi. The value of ¹55 K/mol%Nb is also larger than ¹35 K/mol%Nb when Nb is added to the stoichiometric Fig. 3 The lattice parameters of B19 martensite and B2 parent phases evaluated using XRD profiles at RT. 
Martensitic transformation temperatures
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AuTi. 25) Therefore, Nb addition is concluded to be effective to reduce M s largely.
Nb addition to NiTi is useful to increase transformation temperature hysteresis for the coupling applications. 22, 23, 28) Besides, the transformation region (between M s and M f , and between A s and A f ) becomes broaden; the martensitic transformation gradually occurs in Nb-added NiTi. Such wide temperature hysteresis in Nb-added NiTi is mainly explained by the existence of eutectic Nb-rich bcc phase. 20, 23, 27) In order to evaluate the effect of Nb addition on transformation temperature hysteresis, the temperature range of forward and reverse transformation ¦M (= M s ¹ M f ) and ¦A (= A f ¹ A s ), and transformation temperature hysteresis ¦T (= A f ¹ M s ) are plotted as a function of Nb content in Fig. 6 . It is noted again that the martensitic transformation of 2Nb during cooing was probably incompletely finished; the data for 2Nb are not employed in this figure. The values of ¦T in 1Nb and 2Nb are 53 K and 71 K, respectively. The former is comparable to 50 K for Ni 50 -Ti 49 Nb 1 . 19) All the temperature differences in transformation in Fig. 6 become larger with increasing Nb content even through these alloys are single phase of B2/B19. Then, the enlargement of transformation hysteresis by Nb addition is not due to a second phase but probably due to the increase in volume change during transformation (1.1% in 1.5Nb and 2.8% in 2Nb) as described in the above. Therefore, from the viewpoint of transformation hysteresis, Nb addition should be limited for the use of shape memory effect and superelasticity. Figure 7 shows the results of the bending tests. The applied strain, residual strain after unloading, and residual strain after heating are listed in Table 1 . The applied strain introduced in 0Nb, 1Nb and 1.5Nb remained after unloading, and was almost completely recovered by heating. Then, 0Nb, 1Nb and 1.5Nb exhibit clear shape memory effect as well as good shape memory properties. The shape recovery ratio, R SME , is defined as
Shape memory and superelastic properties
where ¾ ap and ¾ res are the apparent residual strains at surface after bending and after heating, respectively. The shape recovery ratio of all the alloys except 2Nb shows similar vales around 90%, rather, slightly increased with increasing Nb content. The possible reason is as follows. The stress for reorientation of martensite variants simultaneously becomes lower by the decrease in M s , resulting in small permanent deformation by slip deformation is suppressed, and/or critical stress for slip is raised by Nb addition through solid solution strengthening. 2Nb was fractured during bending. This indicates that ductility is decreased by Nb addition. Besides, no residual deformation was recognized after unloading, suggesting that superelastic deformation occurred at room temperature. Then, a cyclic loading unloading tensile test was carried out for 2Nb. Figure 8 shows the cyclic loading-unloading stress-strain curves of 2Nb at RT. At the 1st cycle, linear elastic deformation in addition to small residual strain was observed. At the 2nd cycle, small nonlinear pseudoelastic shape recovery was seen during unloading. Similar pseudoelastic shape recovery became clear in the 3rd, 4th and 5th cycles. The specimen was fractured during the 6th cycle. The pseudoelastic shape recovery is superelasticity by taking into account A s < RT. The maximum superelastic recovery strain was evaluated to be 2.8% at the 4th cycle where 0.3% residual strain was also recognized. It should be noted again that 2Nb consists of equiaxed grains being about 50 µm in diameter. Although Nb addition slightly reduces the grain size, the appearance of superelasticity by Nb addition is not mainly achieved by microstructural refinement but strengthening by Nb addition. Actually, the critical stress for slip in 2Nb is evaluated to be around 150 MPa while that in AuTi-18 mol%Co superelastic alloy with similar grain size is about 50 MPa. 14) However, the details of strengthening by Nb addition will be studied more precisely.
In order to evaluate superelastic properties, the strains during deformation can be classified into five types as seen at the 4th cycle in Fig. 8: (1) the residual strain (¾ RES ) after unloading, (2) the shape recovery strain (¾ SE ) due to superelasticity, (3) the elastic strain (¾ EL ), (4) the applied plastic strain (¾ PL ) and (5) the total applied strain (¾ T ). Then, the shape recovery strain ¾ SE is plotted in Fig. 9 as a function of applied plastic strain ¾ PL . The shape recovery stain linearly increases with the applied plastic strain. If ¾ SE = ¾ PL , the applied strain is completely shape-recovered by unloading. Then, the line showing ¾ SE = ¾ PL is also drawn in Fig. 9 as a dotted line for 100% shape recovery. The experimental data for shape recovery is close and approximately parallel to the line of ¾ SE = ¾ PL . This means plastic, irrecoverable strain by slip deformation is difficult to be introduced and accumulated during superelastic deformation. Probably, the irrecoverable strain introduced during the 1st cycle was due to reorientation of martensite and/or stress-induced martensite which can partially exist at RT (under A s = 303 K). The fracture strain including elastic and superelastic strain was over 5% in tensile deformation. This value is comparable to the fracture strain of Nb-free AuTiCo. Therefore, Nb addition is concluded to be effective to improve superelasticity without serious degrading ductility. It should be noted that this does not correspond to the result of the bending test, since the bending specimen was fractured less than 1.6% strain. Probably, inhomogeneous deformation resulting in local stress concentration occurred in the bending test. Another possibility for the limited elongation is the relatively large volume change of 2.9% generated in 2Nb during martensitic transformation which may induce large internal strain during transformation. However, for the practical uses, the enhancement of ductility should be achieved.
Conclusions
The effects of quaternary Nb additions to Au-50 mol%Ti-15 mol%Co (0Nb) on martensitic transformation behavior were investigated in a compositional range up to 2 mol%Nb and the following conclusions were obtained.
(1) The primary phase at room temperature is B19 martensite phase in 0Nb, and changes to B2 parent phase in 2 mol%Nb-added alloy. Nb addition is effective to stabilize B2 parent phase. This increase may be due to the increase in volume change between B2 parent and B19 martensite. (6) Good shape memory effect with shape recovery rate being around 90% is confirmed in the alloys containing less than 2 mol%Nb, and the shape recovery ratio slightly becomes larger with increasing Nb content. (7) 2 mol%Nb-added alloy exhibits superelasticity at room temperature with the maximum shape recovery strain of 2.8% and the fracture strain over 5%. Nb addition is effective to improve superelasticity without degrading ductility seriously. Effect of Nb Addition on Martensitic Transformation Behavior of AuTi-15Co Based Biomedical Shape Memory Alloys
